A 25.6 kb region at chromosome 5q31, covering the entire human interleukin 13 (IL-13) and interleukin 4 (IL-4) genes, has been reported to be associated with bronchial asthma. We have examined nucleotide variations at this locus in African, European American, and Japanese populations, using 120 diallelic variants. A block of strong linkage disequilibrium (LD) (|D 0 |40.7) spans a 10 kb region containing IL-4 in European American and Japanese populations, and is present but less clear in African samples. Two major haplotypes at IL-4 account for 480% of haplotypes in European Americans and Japanese. These haplotypes are common and quite diverged from each other and the ancestral haplotype, resulting in highly significant deviations from neutrality. F ST statistics show that European American and Japanese populations are unusually distinct at the IL-4 locus. The most common haplotype in the European American population is much less common in the Japanese population, and vice versa. This implies that natural selection has acted on IL-4 haplotypes differently in different populations. This selected variation at IL-4 may account for some genetic variance underlying susceptibility to asthma and other allergic diseases. The strong LD observed in the IL-4 region may allow more efficient disease-association studies using this locus.
Introduction
Chronic airway inflammation associated with bronchial asthma [MIN 600807 ] is characterized by infiltration of T-lymphocytes that produce T H 2 cytokines and eosinophilic leukocytes.
1,2 The importance of T H 2 cytokines and T H 1/T H 2 balance in asthma is well recognized in patients and animal models. 3, 4 Interleukin 4 (IL-4) exerts its major role in T H 2 differentiation, an initial step in IgE mediated immunity. As a downstream effect, IL-4 and interleukin 13 (IL-13) act on B cells to produce IgE. The interleukin 13 gene (IL-13) [MIM 147683] and interleukin 4 gene (IL-4) [MIM 147780] are located within a 25 kb region on chromosome 5q31. 5 Multiple cytokine genes (IL-3, IL-4, IL-5, IL-12, and IL-13) are located on chromosome 5q31-33, and are presumably the results of ancient duplication events. IL-13 and IL-4 are organized in head-to-tail manner, separated by 12 kb. They share some aminoacid similarity (NCBI Conserved Domain Database entry smart00190), are T H 2 cytokines, and both play roles in IgE-mediated immunity. 5, 6 Genome-wide linkage studies have identified evidence of linkage of this region with bronchial asthma [7] [8] [9] and other inflammatory disease such as Crohn's disease. 10 Despite numerous genetic-association studies, [11] [12] [13] [14] [15] [16] [17] the involvement of the IL-13/ IL-4 locus in susceptibility to allergic disease is unclear. Since the two loci are so closely linked and similar in function, it is not clear as to which might be responsible for the observed association.
With the completion of the Human Genome Project, research interests are shifting from the basic sequence of the human genome to its variation across human populations. Characterizing the nucleotide diversity of single-nucleotide polymorphisms (SNPs) and their haplotypic structure should help in mapping genetic contributions to complex diseases, as well as providing insight into human population history and evolution. A great deal of attention to linkage disequilibrium (LD) is due to the prospect of large-scale-association studies to map susceptibilities to complex diseases. Knowledge of the patterns of LD, haplotype, and population structure is useful for genotype-phenotype association analysis and population genetic analyses. [18] [19] [20] Patterns of LD are affected by recombination and gene conversion, as well as all the factors in human evolutionary history, including mutation, genetic drift, natural selection, gene flow, population expansion, and population subdivision. 19 These patterns are not uniform throughout the human genome; on the contrary, SNPs are organized into irregular, partially discrete LD blocks. A significant effort is underway to construct genome-wide LD maps based on haplotype blocks. [21] [22] [23] In the present study, sequence variation at the IL-13/IL-4 region is examined in order to understand the structure and evolution of the genes. LD and haplotypic structure were compared among three distinct populations having distinct allergy profiles. 24 The patterns of nucleotide diversity and haplotype relationships indicate that these populations are genetically quite distinct at these loci, and that IL-4 and, to a lesser extent, IL-13 have been influenced by natural selection.
Results
Sequence variation at the IL-13/IL-4 region We determined complete sequences of the 25.6 kb genomic region including the entire IL-13 and IL-4 in 51 individuals (21 sub-Saharan populations, 15 European Americans, and 15 Japanese). A total of 114 SNPs and six insertion/deletion polymorphisms in total were identified in the locus (one polymorphism/193 bp). The locations of these variants are shown relative to IL-13 and IL-4 in Figure 1 , along with the locations of repetitive sequences. The frequencies of these alleles are summarized in Table 1 . Among the SNP variants, transition substitutions are more prevalent (73/114, or 64%) than transversion substitutions (41/114, or 36%). The distribution of polymorphisms in the sampled populations is summarized in Table 2 . As expected, the African sample contains by far the most population-specific variants.
Tests of neutrality
Nucleotide diversity (p, Figure 2b ). Diversity tends to be higher in the African population sample, as expected.
Tests of neutrality, based on Tajima's D 26 and Fu and Li's D* and F* 27 statistics, were conducted for each population sample separately (see Materials and methods). The IL-13/IL-4 region was tested both in its entirety and subdivided into three functional domains: SNPs 1-19 in the IL-13 locus, SNPs 20-70 in the intergenic region (IGR) and SNPs 71-120 representing the IL-4 locus. Results of those tests (observed statistics and twotailed P-values, not corrected for nonindependence of tests) are shown in Table 3 . A simple Bonferroni correction suggests that only results with Po0.005 should be considered significant. In all cases, the observed values of the statistics are larger than their expected values, indicating an excess of common polymorphisms, which in turn suggests balancing selection. These excesses are significant in several cases, noted in Table 3 . The African population does not show clear evidence of selection in any region, but there is strong evidence of balancing selection within the European American and Japanese populations at the IL-4 region. This evidence is strongest in the Japanese population.
Under assumptions of constant human population size, little or no evidence of selection would have been detected. However, much independent evidence (reviewed in Harpending and Rogers 28 ) shows that human populations have grown in recent history, and that such growth can obscure the effects of certain kinds of natural selection. In particular, population growth produces a pattern of nucleotide variation that mimics that produced by directional (positive) selection, which results in negative values for these statistics. As a result, a majority of the genes in a large survey of 3899 SNPs in 82 individuals of different origins showed a negative Tajima's D-value.
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This finding is consistent with growth in the human population. Using simulations 30 to account for the effect of a conservative population growth model, the positive values in Table 3 become highly unexpected and thus constitute strong evidence of balancing selection.
Population differentiation at IL-13/IL-4 locus Population subdivision was investigated with F ST statistics (see Materials and methods), using the 31 common SNPs and the larger population samples (96 African American, 96 European American, and 96 Japanese subjects) in which these SNPs were typed ( 
Haplotype structure at IL-13 and IL-4 Haplotypes and their population frequencies were inferred from genotypes at the 31 common SNPs in the larger population samples (96 African American, 96 European American, and 96 Japanese subjects) in which these SNPs were typed. Haplotypes were inferred for each population separately, and for each of the three functional regions assigned above, as well as for the entire region simultaneously. The EM algorithm, and its implementation in PHASE, have been shown to be accurate when alleles are in Hardy-Weinberg equilibrium and large sample sizes (eg 4100 chromosomes) are used. [34] [35] [36] The SNPs typed here are all in Hardy- Natural selection in the IL-13/IL-4 region T Sakagami et al
Weinberg equilibrium (not shown). The haplotypes and frequencies inferred for the IL-13 and IL-4 regions separately are shown in Table 5 . The African sample size was small (60 chromosomes), so these haplotype estimates should be considered preliminary.
In both the IL-13 and IL-4 regions, more haplotypes are inferred for the African population than either the European American or Japanese populations, presumably due to the greater age and diversity of the African population. The African American population has even greater diversity; this may be due to the creation of new haplotypes by admixture and recombination with the European population.
In the IL-13 region, there is a single most common haplotype in European American and Japanese populations (13H01, at 61 and 40% frequencies, respectively). This haplotype is less common in the African American population (23%) and nearly absent in the African population. The most common African haplotype (13H06) reaches only 9.2% frequency in Africans, and is absent in European American and Japanese populations. These frequency gradients are consistent with admixture Natural selection in the IL-13/IL-4 region T Sakagami et al between the European American and African populations in the African American population. At IL-4, two haplotypes (4H01 and 4H02) are common in both the European American and Japanese populations and account for over 80% of haplotypes in both those populations. However, 4H01 is far more common in Japanese than 4H02, and while the opposite is true in European Americans. These two haplotypes are among the most divergent from the presumed ancestral haplotype (represented by the chimpanzee sequence). While 4H02 is nearly absent in Africans, the most common haplotype in Africans and African Americans (4H03) is absent in European Americans and Japanese.
Pairwise LD in IL-13 and IL-4 region Measures of LD using D 0 and r 2 statistics, based on simultaneous haplotype estimates for the full set of 31 common SNPs, were computed for all possible SNP pairs in the larger population samples (Figure 2 ). These statistics were also computed from haplotype estimates performed on the region-specific subsets of SNPs (above) and no significant difference in the patterns of LD were observed (not shown). LD is lowest in the African American samples, highest in Japanese, and intermediate in European Americans. A clear haplotype block in strong LD spans at least 10 kb in the IL-4 region. Weaker LD is present between some SNPs in the IL-13 region, and there is very little LD between the IL-13 and IL-4 regions. LD measured by r 2 shows a similar pattern, but drops off more rapidly than D 0 , especially in the African American population.
Haplotype network for IL-4
The strong LD observed in the IL-4 region allows construction of an interpretable reduced-median network of the haplotypes, 37 shown in Figure 3 . A haplotype constructed from the chimpanzee sequence at the common IL-4 SNPs is added to suggest an ancestral haplotype. That haplotype lies in the center of the network, while the two most common haplotypes (4H01 and 4H02) lie at opposite extremes of the network. This pattern suggests that these two haplotypes have been maintained for some time by balancing selection.
The numerous, low-frequency haplotypes inferred for the IL-13 and IGR regions (not shown) and the absence of strong LD in those regions (Figure 2 ) suggest that recombination has been common in those regions. Consistent with this, reduced-median networks for haplotypes in those regions show a high degree of reticulation (not shown), and are therefore less interpretable than the IL-4 network.
Discussion
Owing to the difficulty of identifying loci responsible for genetic variation in susceptibility to complex diseases, researchers have begun searching for genes that have been affected by natural selection during the recent evolutionary history of humans. 38, 39 Evidence of selection at a locus indicates that its alleles (or functional variants in LD with those alleles) were responsible for significant phenotypic variation, and it is reasonable to suspect that those alleles may now underlie current variation. Thus, genes responsible for genotype-phenotype relationships in malaria resistance, psychiatric disorders, and other diseases affected by recent natural selection have been reported. 38, [40] [41] [42] [43] [44] [45] The observations with regard to IL-13 and IL-4 are: the two regions are not in LD, while IL-4 is contained in a block of strong LD; tests of neutrality (eg tests of Tajima's D) within populations detect strong deviations from neutrality at the IL-4 region, consistent with the two common but divergent haplotyes present at that locus, while IL-13 shows at most weak deviation from neutrality. In addition, the IGR and IL-4 regions show unusually strong population differentiation (high F ST ), especially between the European and Japanese populations.
The existence of unexpectedly common yet diverged haplotypes within populations suggests that balancing selection has maintained those haplotypes in the population. Recently, Zhang et al 46 have found that a particular pattern of highly diverged haplotypes is common in the human genome and is consistent with Figure 3 Reduced-median network of the 14 most common IL-4 haplotypes inferred from the 14 common IL-4 SNPs. Haplotypes are labeled as in Table 5 . The size of each node is proportional to the average frequency of the haplotype across the four sampled populations. The frequency of each haplotype within each population is indicated by color according to the legend. The number of SNP differences between the haplotypes is shown adjacent to each link between nodes. The 'chimpanzee' haplotype represents the nucleotides present in the chimpanzee sequence at these 14 SNPs only; fixed differences from the human sequence are not reflected in the branch lengths.
Natural selection in the IL-13/IL-4 region T Sakagami et al neutral evolution. Based on these results, it is suggested that high-frequency pairs of highly divergent haplotypes-similar to those observed here in the IL-4 region-are not evidence of ancient population subdivision or balancing selection. However, the evidence that IL-4 has not been evolving neutrally does not depend on the pattern shown in Figure 3 , but on coalescent simulations and statistical tests specifically designed to detect deviations from neutrality. The measures examined by Zhang et al 46 are very different from these statistics, and while they show a pattern worth investigating, their relevance to statistical tests of neutrality is unclear.
Unexpectedly high or low F ST can also be a sign of natural selection. 32, 44 F ST is unusually high at the IL-4 locus compared to other estimates of world-wide F ST , and one of the common haplotypes, 4H02, has a very low frequency in our African samples. It may be that the Japanese population is quite differentiated from others due only to founder effects and drift, and our African sample may be too small to represent accurately the frequency of 4H02.
Alternatively, different mechanisms of selection may be operating in different populations, and so the different haplotype frequencies might be the result of local adaptation. For example, 4H01 may have been selectively favored in Japanese, where it is most common, while 4H02 may have been favored in European Americans, yet nearly lost in Africans. The persistence of both haplotypes at high frequencies in both populations, which suggests balancing selection, may be due to migration between the populations or simply lack of time for the hypothesized selective sweeps to achieve fixation of the selected haplotypes.
Recently, Zhou et al 47 reported that Chinese, European, and African populations are unusually differentiated at the IL-13 locus, according to F ST statistics. No significant excess of common yet divergent haplotypes was noted. To the extent that Chinese and Japanese populations may be similar, these observations are roughly consistent with those reported here for IL-13. The data suggest that different selective pressures have been acting on this locus in Asian vs European populations. However, the lack of LD between IL-13 and IL-4 regions implies that their evolutionary histories are largely independent, and so conclusions with regard to IL-13 should not be applied to IL-4.
Rockman et al 48 suggest that a common SNP in the IL-4 promoter region (À524C/T, our SNP 71) has been under locally adaptive positive selection within the human population. This is based on the observation that the frequency of the derived allele (À524T) is very different between some populations, in particular Asian and European ones. This results in F ST values that could not be explained by models of neutral evolution and was found to be exceptional when compared with a set of 18 neutral markers. A similar pattern is apparent in many SNPs in our data set, especially in the IGR and IL-4 regions between the Japanese and European populations ( Table 1 ). The averaged F ST values in these comparisons (Table 4 ) are nearly as high as those reported by Rockman et al 47 for -524 alone. In the haplotype network of Figure 3 , the -524T allele is found in all human haplotypes from 4H09 to the left, so this polymorphism coincides with the two main haplotype groups we have observed. There is only one IL-4 amino-acid polymorphism in our data set (SNP 77), and it is at a very low frequency. There is evidence that the -524 SNP has functional impacts, 49 so this may be the SNP that is being acted on by natural selection.
The evidence that natural selection has acted differently on two common haplotype groups at IL-4 suggests that it is more likely to be responsible for the association of this region with asthmatic disease than IL-13, which shows weaker evidence of selection. Given the difference in frequency of the two common IL-4 haplotypes between European Americans and Japanese, one might expect different prevalences of genetic susceptibility to disease in these two populations. The strong LD in the IL-4 region implies that very few SNPs would need to be typed to test for associations of phenotypes with IL-4 haplotypes. The evidence of local adaptation at IL-4 suggests that the two most common IL-4 haplotypes have functional consequences, and so a marker distinguishing these two haplotypes (perhaps À524C/T itself) might capture most of the functionally significant variation at this locus. The extent of LD on the 3 0 side of IL-4 is yet to be determined.
The increasing prevalence of asthma in Western countries has led to the 'hygiene hypothesis', 2 which suggests that improved hygiene in industrialized societies has reduced the incidence of infections that might stimulate the T H 1-immune system to protect against asthma. It is possible that changes in the incidence and type of infections such as tuberculosis and hepatitis A virus infections that trigger imbalance between T H 1 and T H 2 cells could cause adaptive changes at IL-13 and IL-4 loci. Further investigation of the evolutionary implications of IL-13 and IL-4 in disease-association studies for asthma and other allergic diseases are required to clarify the consequences of evolutionary pressure on IL-13 and IL-4, and these studies should benefit from the markers of functional variation identified here.
Materials and methods

Subjects
In total, 96 Japanese individuals unselected for disease status were recruited from Niigata University Hospital in Niigata City, Japan. Each subject gave informed consent, and the study was performed under the approval of the Ethical Committees at the School of Medicine, Niigata University and the Institute of Medical Science, The University of Tokyo. Blood samples were collected for isolation of genomic DNA. A total of 21 more subjects were unrelated individuals from sub-Saharan Africa (10 Pygmy, six Alur, and five Nande). 50 In all, 96 European American, 96 African American and nine more subjects from sub-Saharan Africa were from the human variation panel of Northern Europeans, African Americans, and sub-Sahara Africans (Coriell Cell Repository, Camden, NJ, USA). Samples from three chimpanzees (Pan troglodytes verus) were also used.
Identification and genotyping of nucleotide variations
Overlapping primer sets covering the genome sequence of the IL-13/IL-4 locus (Genbank accession number, AC004039, from position 23931 to 50151) were designed.
Natural selection in the IL-13/IL-4 region T Sakagami et al Genomic DNA was subjected to PCR amplification followed by sequencing using BigDye Terminator cycle sequencing and an ABI PRISM 3700 DNA analyzer (Applied Biosystems, Tokyo, Japan). A subset of the samples above was completely sequenced in this region: 42 chromosomes from African, 30 from European American, and 30 from Japanese samples. Polymorphisms were identified by comparing these sequences using the Sequenchert program (Gene Codes Co, Ann Arbor, MI, USA). Each polymorphism was confirmed by reamplifying and resequencing. All amplifications and sequencing primers were designed using the Primer 3 web site. A selected set of common SNPs (SNPs at which the minor allele was present with frequency of at least 0.10 in at least two of the populations) were genotyped in the full set of Japanese, European, African, and African American samples. The IL-13/IL-4 locus was sequenced in one chimpanzee (GenBank accession number, AY480012) and the common SNPs were genotyped in two more chimpanzees.
Statistical analyses
The population parameters, y (per nucleotide site, along with its standard deviation (s.d.)) and p (nucleotide diversity), were estimated according to Watterson and Nei and Li, respectively. 51, 52 To determine if nucleotide variation in the sequenced region is compatible with the null hypothesis of neutral evolution, we compared observed values Tajima's D 26, 53 and Fu and Li's D* and F* 27 statistics to their expected distributions, derived by simulating the coalescent process under a null model of neutral evolution in a modestly growing population. 30 The human population was assumed to have grown by only 10-fold 100 000 years ago from an initial effective size of 5000 individuals (consistent with Excoffier and references therein), 54 with 20-year generations and a per-generation, per nucleotide mutation rate of 1.8 Â 10
À8 . 55 The expected distributions of Tajima's D and Fu and Li's statistics shift towards more negative values in models with population growth, and the shift is more pronounced under models with greater population growth. 30 Balancing selection produces positive values of the test statistics, and the values observed for our data are mostly positive; therefore, this choice of demographic parameters results in conservative tests of neutrality. To the extent that recombination has occurred between SNPs in our data, the tests become more conservative. 52, 56 As a measure of population differentiation, Wright's F ST was estimated from the genotypic data for the common SNPs for sets of populations according to the method of Weir and Cockerham, 57 and variances of F ST were estimated using the delete-one jackknife procedure recommended there. To determine whether populations were significantly differentiated, the observed F ST was compared to a null distribution for F ST generated by resampling allelic states for SNPs across the populations being compared.
Haplotypes were inferred from the genotypes at the common SNPs in each of the larger population samples separately, using PHASE 2.0.2 58 with the recommended parameters. The inferred haplotypes and their estimated population frequencies were then used to estimate LD measures. To estimate the degree of LD between SNPs, Lewontin's disequilibrium coefficient (D 0 ) 59 and an LD correlation coefficient (r 2 ) 60 were used.
